In this letter, a wideband push-push VCO using two types of phase shifters is presented. A positive feedback type pushpush oscillator is used for the VCO. The phase shifters are connected in series in each feedback loop. Varactor diodes are used in the phase sifters for the frequency tuning. In the VCO, the oscillating frequency can be changed widely as much phase shift is achieved by the sum of phase shift of each phase shifter connected in series. In the experiment, the developed push-push VCO designed in K-band achieves wide tuning frequency range of 1.88 GHz (relative bandwidth = 8.9%) in K-band with small variation of the output power.
Introduction
Microwave and millimeter wave voltage controlled oscillators (VCO) have been extensively required for modern wireless systems. The VCO is one of the most important circuits in wireless transceivers as a part of frequency synthesizers. Recently, many cross-coupled LC VCOs [1, 2] have been studied. On the other hand, a VCO using a push-push principle is also effective for the wireless systems [3, 4] . The output signal of the push-push oscillator is the harmonic signal. Therefore, the oscillator is fabricated with low cost because the oscillator generates high frequency signal using less expensive devices for lower frequency applications. The structure is very simple by using only active devices, transmission lines, and capacitors for the bias circuits. The oscillator does not need inductors which are necessary for cross-coupled LC VCOs.
The oscillating frequency (fundamental frequency: f 0 ) is determined by the electrical length of the feedback loop, which is designed to be 2πn (n: integer) at the f 0 . The electrical length can be changed easily by using a phase shifter. The phase shifter can be inserted easily in the feedback loop due to the flexibility of the circuit layout. Moreover, the design of the oscillator is easy because the components such as the amplifier, the transmission lines and the phase shifter can be designed respectively.
The push-push oscillator is suitable for a high frequency VCO. Therefore, a push-push VCO has been proposed by the authors [3] . The VCO has two feedback loops including a common feedback loop. A phase shifter consists of a slot line and varactor diodes is inserted in the common feedback loop. Moreover, a push-push VCO using a phase shifter formed in each feedback loop has been also reported [4] . The phase shifter consists of a 90 • branch line hybrid circuit and two varactor diodes. The frequency tuning ranges are wide. However, the variations of the output powers are wide in the frequency tuning range.
In this letter, a push-push VCO using two types of phase shifters is proposed. The phase shifters are inserted effectively in the feedback loop utilizing the topology of the VCO. The oscillation frequency is widely tuned because large phase shifts can be obtained by the phase shifters connected in series. And the variation of the output power is small because the wide frequency tuning is achieved within the narrow range of the tuning voltage. The developed push-push VCO provides a wide tuning range of 1.88 GHz (8.9%) in K-band. Fig. 1 (b) and (c) show phase shifters used in the VCO. The circuits are designed at the fundamental frequency of 10 GHz and fabricated. The varactor diodes used here are MA46H120 (M/A COM). The capacitance varies from 0.2 pF to 0.9 pF within the tuning voltages from 1 volt to 9 volts. When the voltage is 1 V, the capacitance is 0.9 pF. When the voltage is 9 V, the capacitance is 0.2 pF.
Phase shifter
In the type A phase shifter, the characteristic impedance of the slot line is 150 Ω and the symmetrical plane of the slot line is null plane of the electric field. A very narrow width (0.12 mm) center conductor is formed there. The line is designed so as not to disturb the RF transmission of the slot line mode. Six varactor diodes are mounted on the slot line of the positive feedback loop. The oscillation frequency can be effectively controlled by the tuning voltage (V c) supplied to the varactor diodes in the phase shifter. A wire to supply the tuning voltage is bonded on the center conductor. The phase shift is 107 degrees within the capacitance of 0.2 to 0.9 pF in the simulation.
In the type B phase shifter, a branch line hybrid circuit using microstrip lines are used. The characteristic impedances are 100 Ω and 70 Ω. The input signal is divided into two signals with the phase difference of 90 • . These signals are reflected at the varactor diodes. The reflected signals are in-phase at the output port and out of phase at the input port. Therefore, the input signal is effectively transmitted to the output port. The tuning voltage (V c) is supplied to the varactor diodes via a via-hole formed in the feedback loop. Continuous phase shift can be obtained due to the variable capacitance of the varactor diodes. The phase shift is 68 degrees within the capacitance of 0.2 to 0.9 pF in the simulation.
Experiment Result
The proposed push-push VCO is designed in K-band (20 GHz) and the oscillating output signal is measured. Fig. 2 is the photo of the fabricated VCO.
The measured output power spectrum in the full range of 50 GHz is shown in Fig. 3 (a) . Then, the tuning voltage supplied to the varactor diode is 0 V. The output power of the desired second harmonic signal is +4.7 dBm at 19.75 GHz. The suppression of the undesired fundamental signal is −22.2 dBc. The other undesired harmonic signals are more suppressed. Fig. 3 (b) shows the output frequency and power vs. tuning voltage V c. The 
Conclusion
In this letter, a novel push-push VCO using two types of phase shifters is proposed. The push-push VCO achieved a wide tuning range of 1.88 GHz (8.9%) with small output power's variation of 2.4 dB and maximum output power of +5.00 dBm in K-band due to the effect of the series connection of the phase shifters.
